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13.  abstract  (Maximum  200  wards) 

We  have  shown  that  the  quenching  of  the  miniband  states  is  independent  of  the  direction  of  the  applied 
bias  for  a  5  period  superlattice.  Experiments  on  a  10  period  superlattice  show  that  the  transmission  becomes 
asvmmetric:  enhanced  for  positive  bias  a  and  reduced  tor  negative  bias.  This  effect  becomes  more  and  more 
pronounced  with  increasing  length  of  the  SL.  From  a  comparison  of  the  calculated  transfer  ratio  under  the 
presence  of  interface  roughness  scattering,  we  are  able  to  estimate  the  typical  island  sizes  to  be  of  the  order  of 

10  nm.  _  ,  j  •  u  f 

Bow-tie  structures  are  developed  and  optimized  for  the  purpose  of  a  broad  band  antenna  m  the  range  ot 

THz  frequencies.  The  optimized  antennas  are  presently  combined  with  small  mesa  structures  for  emission 
measurements.  At  present  we  have  difficulties  to  couple  the  “  large  antennas  to  the  small  2p,mx2pm  mesas. 

A  population  inversion  in  non-equilibrium  plasmas  can  be  achieved  by  driving  a  constant  current  through 

the  plasma.  Based  on  these  ideas  we  have  grown  a  set  of  structures  where  the  plasma  instability  may  be  realized. 

The  basic  concept  requires  the  realization  of  a  large  population  inversion.  The  IV  curves  of  the  grown  structures 
aiiree  with  the  calculated  IV  curves.  However  from  the  IV  curves  it  is  not  directly  evident  that  a  plasma 
instability  is  present.  Therefore  emission  measurements,  using  a  grid  structure  for  coupling  out  of  the  light  are 
under  way  to  prove  the  existence  of  these  instabilities  which  are  expected  to  lead  to  strong  THz  emission. 
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Transmission  through  Superlattices  with  Interface  Roughness 

In  the  last  report  we  reported  the  transmission  of  ballistic  electrons  through  semiconductor 
superlattices  (SL).  These  experiments  could  clearly  resolve  the  quenching  of  the  miniband  states 
due  to  an  applied  electric  field  in  good  agreement  with  a  calculation  of  the  transfer  ratio  asuming 
only  ballistic  transport.  While  the  quenching  of  the  miniband  states  is  independent  of  the  direction 
of  the  applied  bias,  experiments  show  that  the  transmission  becomes  enhanced  for  positive  bias 
applied  to  the  receiving  contact  of  the  SL  and  reduced  for  negative  biases  if  the  superlattice 
exceeds  a  cetain  lenght.  This  effect  becomes  more  and  more  pronounced  with  increasing  length  of 

In  order  to  calculate  the  transfer  ratio  under  the  presence  of  scattenng,  we  included 
interface  roughness  in  our  transmission  calculation  for  a  lull  three  dimensional  calculation.  The 
interface  structure  has  been  obtained  by  a  kinetic  Monte-Carlo  simulation  producing  typical  island 
sizes  of  the  order  of  10  nm.  We  find  an  asymmetry  in  the  calculated  transmission  with  respect  to 
the  polarity  of  the  bias  if  this  type  of  interface  roughness  is  included.  Furthermore,  the 
asymmetry  strongly  increases  with  the 
number  of  periods  of  the  SL,  while  the 
transmission  hardly  depends  on  the  total 
length  of  the  superlattice.  Both  the  shape 
of  the  transmission  function  and  the  length 
dependence  are  in  good  agreement  with  our 
experimental  data  (Fig.  1). 

The  asymmetry  can  be  explained  in 
the  following  way:  in  a  three  dimensional 
structure  the  kinetic  energy  of  an  electron 
can  be  separated  into  a  contribution 
associated  to  a  quasimomentum  in  the 
growth  direction  and  a  contribution  E||  with 
respect  to  the  x,  y  direction.  Without 
interface  roughness,  the  z  direction 
separates  from  the  x,  y  direction.  •  r-  u 

Therefore  the  transmission  is  strongly  Figure  1:  Miniband  transmission  vs.  electric  field^ 

diminished,  if  the  voltage  drop  causes  calculation  including  interface  roughness  (squares) 
energy  gain  or  loss  along  the  SL  which  is 

large'r  than  the  miniband  width  D.  Interface  roughness  destroys  the  translational  invanance  and 
the'refore  scattering  transfers  energy  between  E^  and  E||.  If  now  a  positive  bias  is  applied  to  the 
collector  the  energy  gain  of  the  electrons  can  be  transferred  to  the  x,y  direction  by  scattenng 
processed  and  the  transmission  becomes  enhanced.  Conversely,  if  a  negative  bias  is  applied,  the 
electrons  would  need  to  gain  energy  from  the  ||  direction  in  order  to  gain  kinetic  energy  against  the 
field  which  is  not  possible  since  the  injected  electrons  have  E||=0.  Therefore  scattering  processes 
xxill  reduce  the  transmission  in  this  case.  These  effects  become  more  pronounced  for  longer 
samples  as  the  probability  of  an  electron  to  perform  a  scattering  process  during  the  transmission 
increases  with  the  length  of  the  sample. 


electric  field  (kV/cm) 
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Mean  Free  Path  of  Ballistic  Electrons  in  GaAs/AlGaAs  Superlattices 

The  mean  free  path  of  ballistic  electrons  in  a  superlattice  is  measured  using  the  technique 
of  hot  electron  spectroscopy  in  magnetic  fields  perpendicular  to  the  growth  direction.  We  utilise 
the  fact  that  the  total  effective  path  of  an  injected  hot  electron  is  a  function  of  the  applied 
magnetic  field  oriented  perpendicular  to  the  current  direction. 

A  three  terminal  device  is  used  to  probe  the  transmission  of  undoped  GaAs/Gao.7Alo.3As 
superlattices.  An  energy  tuneable  electron  beam  is  generated  by  a  tunnelling  bamer  and  passes  the 
superlattice  after  traversing  a  thin  highly  doped  n-GaAs  base  layer  and  an  undoped  drift  region. 
The  collector  current  is  measured  as  a  function  of  the  injection  energy  at  4.2  K.  T  e  pro  a  i  ity 
for  an  injected  hot  electron  to  cross  the  superlattice  reflects  the  transmission  of  the  mim  an 
under  bias  condition  and  can  be 

considered  to  be  proportional  to  the  r  ^ 

measured  transfer  ratio  a=Ic/lE-  ^ 

Figure  2  shows  the  measured  2  -  /  'v 

static  transfer  ratio  for  a  five  period  ■£  ^  /  y.  \ 

superlattice  versus  applied  electric  field  /  y' 

at  different  magnetic  fields.  While  the  -  /  /  0.4  T 

electric  field  leads  to  the  localisation  ot  e  _  y'  / 

the  electron  wave  function,  the  magnetic  |  / 

field  increases  the  total  path  length  of  -o’  j/ 

the  electron  in  the  superlattice,  leading  J 

to  a  decrease  of  the  measured  transfer  ~  * - ^  ■  -•  ^  ^  ^ 

ratio.  For  magnetic  fields  above  1  Tesla,  ■  ■  — r"*  i - 1 ' - 

which  corresponds  to  a  total  length  of  -6  ^  ^ 

the  electron  path  of  about  80  nm,  no  electric  field  (kV/cm) 

coherent  transport  can  be  observed.  Miniband  Transmission  of  a  five  period 

A  detailed  analysis  ot  the  ,  „•  electric  field  at  different  magnetic 


coherent  transport  can  be  observea.  Miniband  Transmission  of  a  five  period 

A  detailed  analysis  of  the  electric  field  at  different  magnetic 

miniband  transmission  gives  us  the 
coherence  lenszth  and  the  scattering  time 

of  the  electrons  in  the  superlattice.  The  interface  structure  can  only  be  obtained  by  a  comparison 
to  theory  as  discussed  before.  Island  sizes  of  the  order  of  10  nm  are  suggested.  Consequently  we 
claim  that  the  interface  roughness  is  the  limiting  factor  of  the  electron  mean  free  path. 


Bow  Tie  Antennas  for  THz  Emission 

A  bow-tie  structure  is  developed  and  optimised  for  the  purpose  of  a  broad  band  antenna  m 
the  range  of  THz  frequencies.  Theses  antenna  are  coupled  to  the  active  mesa  structure  via 
airbridges  in  order  to  minimise  parasitic  capacitance. 


Figure  3:  Bow-tie  antenna 
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The  impedance  of  an  infinite  bow-tie  antenna  depends  only  on  its  angle  cp  as  shown  inFig. 


j-j— A:[  cos^ 

Z=!li  _ h 

2  V  k{ sin— 


K\  tan  ---  — 

1  I  U  4. 

£  ^  (  if K  (P 

K'  tan" - 

U  4 


where  Tio  is  the  free-space  impedance  (377  Ohms),  Eeff  is  the  effective  dielectric  constant.  K(k)  is 

the  complete  elliptic  integral  of  the  first  kind,  and  K'(k)  =  K((l-k  )  ). 

For  a  finite  antenna  the  dimension  a  equals  one  half  of  the  maximum  effective  wavelength. 
The  minimum  effective  wavelength  is  given  by  the  smallest  structures  of  the  antenna.  Between 
this  two  frequencies  the  impedance  should  be  constant  and  given  by 
equation  1. 

For  the  frequency  of  interest  (0.5  to  5  THz)  we  get 


a  =  i  ^  ■~=S7ldm 
2  fmm 


By  changing  the  flare  angle  of  the  bow-tie  antenna,  we  can  choose  the  impedance  to  be 
equal  to  the  impedance  of  the  oscillator  to  get  maximal  radiation  output  or  maximal  electnc 
output.The  dependence  of  the  impedance  on  the  flare  angle  is  shown  in  Fig.4. 

If  the  oscillator  is  based  on  a  negative  differential  resistance  the  theory  predicts  oscillations 
only  if  the  absolute  value  of  the  negative  differential  resistance  is  greater  than  the  impedance  of  the 

For  our  experiments  we  choose  three  different  values  for  the  flare  angel  (20°,  60°,  1 50°)  to 
get  a  possibility  to  check  our  results  with  theory. 

Coherent  Generation  of  Plasmons 

Possibility  of  coherent  plasmon  generation  (plasma  instability)  in  quantum  well  structures 
with  population  inversion  has  been  shown  theoretically.  The  population  inversion  can  be 
maintained  by  appropriate  injection-extraction  arrangements.  Multi  well  structures,  designed  to 
sustain  the  population  inversion  and  the  plasma  instability  show  I-V  response  consistent  with 
calculations  of  the  current  density.  These  results  suggest  that  this  type  of  quantum  well  structures 
could  be  used  as  an  active  region  to  generate  plasma  oscillations,  leading  to  radiation  sources  in  the 

THz 

Non-equilibrium  plasmas  can  develop  spontaneously  plasma  oscillations.  This  can^  be 
viewed  to  be  the  result  of  plasma  wave  generation  due  to  net  dowwards  (in  energy)  single  particle 
transitions,  arising  from  the  population  inversion  in  the  particle  distribution.  This  population 
inversion  can  be,  in  principle,  achieved  by  driving  a  constant  current  through  the  plasma. 
However,  in  solid  state  plasmas  the  velocity  required  to  achieve  the  population  inversion  this  way 
is  prohibitively  large,  of  the  order  of  the  Fermi  velocity. _ _ 
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Impedincc  of  the  bow-tie  inteimi 


Figure  4:  Impedance  of  the  bow-tie  antenna  vs.  flare  angle 

An  alternative  way  to  achieve  population  inversion  is  to  use  an  energetically  selective 
injection  and  extraction  of  carriers  into  a  bounded  active  region  where  plasmons  can  be  generated. 

Based  on  these  ideas  we  have  developed  a  program  to  design  mesoscopic  structures  where 
the  plasma  instability  maybe  realised  and  which  can  lead  to  generation  of  electromagnetic 
radiation.  The  basic  concept  behind  sample  g205  and  g301  is  to  grow  a  region  in  which  large 
population  inversion  can  be  achieved  attached  to  a  plasmon  resonator. 

Fig.  5  shows  the  current  and  conductivity  characteristics  of  sample  g301.  The  quantised 
states  of  the  heterostructure  can  be  clearly  identified  and  are  compared  to  a  calculation  of  the  static 
differential  conductivity.  The  fit  to  the  experiment  gives  us  the  occupation  and  life  times  of  the 
resonant  states. 

A  normal  mode  of  the  system  occurs  when  the  charge  density  oscillation  response  at  a 
given  frequency  becomes  large  for  arbitrarily  small  external  perturbation.  The  sign  of  the  imaginary 
part  of  the  frequency  dependent  conductivity,  indicates  if  negative,  that  the  mode  represents 
damped  density  oscillations  (as  a  result  of  various  losses  in  the  system),  and  if  positive  it 
represents  growing  plasma  oscillations  (instability).  When  the  electron-distribution  is  out  of 
equilibrium,  its  excess  energy  can  lead  to  an  instability. 
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Figure  5:  Current/Conductance  vs.  applied  voltage  for  a 
3|a.m‘  Mesa. 

From  the  IV  curves  it  is  not  directly  evident  that  a  plasma  instability  is  present.  Therefore 
emission  measurements,  using  a  grid  structure  for  outcoupling  of  the  light  are  under  waj'  to  prove 
the  existence  of  these  instabilities  which  are  expected  to  lead  to  strong  THz  emission. 


